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ABSTRACT
VOLATILES IN SUBGLACIALLY-ERUPTED BASALTIC GLASSES AND THEIR 
USE IN RECONSTRUCTING PALEO-ICE THICKNESSES
FEBRUARY 2017
CARVER E. LEE,  B.S. ECKERD COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST
Directed by: Professor Sheila Seaman
Volatile concentrations in basaltic tuyas, edifices that form during a subglacial 
eruption and remain once the ice sheet has retreated, have been used to calculate the 
thickness of the overlying ice sheet at the onset of the eruption (Tuffen, 2010). However, 
subglacial eruptions are complex events and this technique does not always provide a 
clear answer (Schopka et al., 2006; Edwards et al., 2009). The purpose of this research 
is to evaluate this technique and investigate constraints on the quality of data collected 
by attempting to calculate the minimum ice thickness under which Hlöðufell, a tuya in 
south-central Iceland, erupted. 
Hlöðufell is a Holocene tuya located in the Western Rift Zone of Iceland, 9 
km south from the modern edge of Langjökull ice cap. Dissolved H2O concentrations 
were measured using Fourier transform infrared spectroscopy (FTIR) and quenching 
pressures were calculated using the VolatileCalc pressure-solubility model (Newman 
and Lowenstern, 2002). Overlying ice thickness was calculated by relating quenching 
pressures, the density of ice, and the elevation of the sample. 
 Water concentrations range from 0.068 –to 0.478 wt. % H2O, representing 
pressures ranging from 0.66 to 24.72 bars. These pressures represent ice thicknesses 
between 0 and 268 m thick. The minimum ice thickness level is represented in the 
lithofacies of the tuya by the passage zone, the transition between subaerial and 
subaqueous flows. The minimum ice thickness for Hlöðufell is ~ 500 m, much thicker 
than this study calculated using water concentrations. This indicates that the volatile 
concentrations in the basaltic glasses at Hlöðufell do not record the accurate quenching 
pressure. We interpret the overall low water concentrations to mean that our samples 
must have degassed at or close to atmospheric pressures at higher elevations, and flowed 
downslope into areas of thicker ice or deeper melt-water before quenching. These results 
show that subglacial eruptions and degassing processes are complex and variable and 
require further investigation.  
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1CHAPTER 1
SUBGLACIAL ERUPTIONS
1.1 Introduction
Nearly 60% of the volcanic eruptions that occurred in Iceland in historical times 
were subglacial. Ice now covers approximately 20% of Iceland’s active volcanic zones 
(Jakobsson & Guðmundsson, 2008). This means that subglacial eruptions in Iceland 
are inevitable, and subglacial volcanic processes have direct consequences for human 
activity. This study focuses on the record of subglacial volcanism preserved at Hlöðufell, 
an exposed subglacially-created edifice in south-central Iceland. By studying and 
understanding the processes that created now-exposed subglacial volcanic edifices, we 
can gain a better understanding into modern subglacial eruptions. 
The 2010 eruption of Eyjafjallajökull in Iceland lasted only 5 days but cost the 
airline industry $1.7 billion and affected more than 10 million travellers (Bolić & Sivčev, 
2011). Within the first day of the eruption, the ash plume reached a height of 10 km, and 
a northwesterly wind carried that plume directly across Europe, halting air traffic across 
European countries (Gudmundsson et al., 2010; Bolić & Sivčev, 2011). In 1996, Gjalp 
volcano erupted under Vatnajökull in central Iceland. The melt-water produced by the 
eruption drained into Lake Grimsvotn, a nearby subglacial lake. The lake reached the 
highest water level ever recorded, 1510 m, lifted the glacier above it, and released an 
estimated 3.2 km3 of meltwater into an outwash plain 50 km away.  The peak discharge 
measured 40,000 m3 s-1 (Bjornsson et al., 2001). These two events highlight the need for a 
deeper understanding of subglacial eruption processes and related hazards. 
 The explosivity of subaerial eruptions is largely controlled by the presence and 
amount of volatiles within a magma (Roggensack et al., 1997).  This relationship is 
also expected to hold true for subglacial eruptions (Tuffen, 2007). Because volatiles 
can contribute to the explosivity of subglacial volcanic eruptions, understanding their 
behavior and degassing trends can play an important role in modeling and predicting 
the sizes of ash plumes and jökulhlaups, devastating releases of subglacial melt water, 
2for future subglacial eruptions. To gain more insight into volatile behavior, several 
workers have tried to link volatile content and ice thickness at the onset of a subglacial 
eruption (Höskuldsson et al., 2006; Edwards et al., 2009; Tuffen et al., 2010; Owen et 
al., 2012). Using micro-analytical techniques such as Fourier transform infrared (FTIR) 
spectroscopy, these studies measured volatile concentrations and used pressure-solubility 
relations to calculate the volatiles saturation pressure, which can then be related to an 
overlying ice thickness. These studies produced various outcomes, some matching 
expected trends between water concentration and sample elevation, as seen in models 
(Owen, 2013), while others indicate complex degassing, and therefore complex eruption 
processes that have not been fully explained yet (Edwards et al. 2009; Banik et al. 2014). 
 This study builds on past research to further the understanding of subglacial 
degassing processes by observing volatile concentrations from subglacially erupted 
basaltic pillows from Hlöðufell, a tuya (an edifice created by a subglacial eruption and 
remains once the ice sheet has completely retreated) in southwest Iceland, and attempting 
to calculate the paleo-ice thickness. My overall goal is to establish the validity of this 
technique by analyzing the heterogeneity of H2O within basaltic glass on a variety 
of scales, from variability within a single thin-section to a single pillow, to the entire 
eruptive sequence.
3CHAPTER 2
BACKGROUND
Fig. 1. Bathymetry and ridges in the North Atlantic.
Figure ___. Map showing the bathymetry surrounding Iceland, illustrating the Greenland-Iceland Ridge 
and the Faroe-Iceland Ridge. (Mihalffy, 2008)
Figure 1. Bathymetry in the North Atlantic Ocean. This shows the Gree land-Iceland 
Ridge and the Faroe-Iceland Ridge (Mihalffy, 2008). The Greenland-Iceland Ridge was 
created by the North American plate tracking northwest over the hotspot responsible for 
creating Iceland. 
2.1 Geological Background
2.1.1. Icelandic Geologic History
 Iceland formed as a result of interactions between the mid-Atlantic spreading 
center, located between the North American and Eurasian tectonic plates, and a hot spot, 
located to the west of this spreading center. This hotspot is believed to be responsible 
for the formation of the early Paleogene North Atlantic Igneous Province, flood basalts 
which cover ~1.3 x 106 km2 (Meyer et al., 2007; Thordarson and Larsen, 2007). This 
demonstrates the productivity the hotspot is capable of.  As the North American plate 
moved northwestward, sliding over the stationary hotspot, the hotspot left a string of 
basaltic eruptions, stretching from Baffin Island, Canada to present day Iceland. Due 
to the proximity of the hotspot, the spreading center in the area of modern-day Iceland 
was also highly productive, creating a thickened crust to the east of the spreading center 
4as well. The string of basaltic eruptions and the thickened crust to the east create the 
Greenland-Iceland-Faroes Ridge (Fig. 1). Approximately 20-24 mya, the hotspot was 
located near the current location of western Iceland. As the plume interacted with the 
spreading center, tectonic uplift and increased volcanism led to the build-up of crust and 
the first bit of land above sea-level, the first bits of Iceland. The area was dominated by 
NE-SW rifting, the onshore expression of the North Atlantic Spreading Center. This area 
is now known as the Western Rift Zone (Fig. 2) (Gundmundsson, 2013). 
 As the tectonic plates continued to travel westward over the stationary hotspot, 
uplift from the hotspot resulted in a shift of the major rift zones to the east 6 mya, more 
centrally located over the hotspot (Fig. 1). The hotspot is currently believed to be located 
under Vatnajökull, the largest ice sheet in the country. The outer edges of the island are 
Rift zones and volca ic systems in Icela d 
The volcanic rift and flank zones in Iceland have separate volcanic systems, comprising central volcanoes and fissure 
swarms (Fig. 1).  Many of the evolved central volcanoes have calderas and some of these erupt intermediate and silica-rich 
magmas, including rhyolites with about 70 weight% SiO2, in addition to basalts.  A caldera is a sub-circular depression,
normally 2-10 km in diameter, formed by magma chamber pressure loss and collapse resulting from a volcanic eruption or 
from injection of melt into dikes away from the caldera region.  The term dike is used to describe an open fissure (often 1-10
m wide) filled with melt. 
Fig. 1. Volcanic systems, rift zones and relative plate motions in Iceland. Note that the Bárðarbunga central volcano is located close to the 
vertical axis of the Iceland plume stem.  The volcanic system information is based mainly on Jóhannesson and Sæmundsson (1998) and 
Þórðarson and Höskuldsson (2008). 
Long distance sub-surface transport of magma in dikes is a common feature associated with fissure eruptions in the rift 
zones.  The previous three largest eruptions in Bárðarbunga involved basaltic magma transport about 100 km 
southwestwards from the central volcano along dikes in the Veiðivötn fissure swarm (Fig. 1), leading to fissure eruptions on 
the way. Some of the magma, however, was ultimately injected into silica-rich magma chambers under the Torfajökull 
central volcano (Fig. 1), causing explosive mixed magma eruptions.  Each of these three events, the Veiðivötn, Vatnaöldur 
and Dómadalshraun eruptions in 1477, 871 and about 150 AD, respectively, produced about 1 km3 dense rock equivalent 
(DRE) of combined basaltic, intermediate and rhyolitic lava and tephra (Larsen, 1984).  The 721 (approximately) and 606 
year intervals between these eruptions are slightly longer than the 531 year period between the 1477 and 2014 events 
involving magma from Bárðarbunga. 
Several other volcanic systems in the Icelandic rift zones are also characterized by interaction between silica-rich 
(rhyolitic) magma in shallow chambers under the central volcanoes and deeper basaltic reservoirs and dikes with basaltic 
melt.  The puncturing of rhyolitic magma chambers by dike injection and the mixing of hot basaltic melt (1150-1200 °C) 
with cooler rhyolite (800 °C) can cause vigorous convection and gas (steam) bubble formation.  The relatively viscous 
rhyolite melt may then be transformed explosively to low-density foam, fragmented and erupted as silicic ash and pumice.
This process is analogous to the violent exsolution (release) of CO2-gas from shaken and depressurized champagne or beer. 
Figure 2. Map of geologically active areas in Iceland. The study area for this project is in 
the Western Rift Zone, just south of the Langjökull ice cap. This area is less active than 
the Eastern Rift Zone because it is farther from the mantle plume, but it is still active due 
to the onshore expressions of the Reykjanes spreading ridge (Trønnes, 2014).
5made up of the oldest, Tertiary basaltic material and the basalts get younger toward the 
rift zones (Gundmundsson, 2013). 
 Active rifting, onshore representations of the mid-atlantic spreading center,  
results in three main active volcanic regions; the Western Rift Zone, Northan Rift Zone, 
and the Eastern Rift Zone (Fig. 2).  
 Iceland’s proximity to the variable polar front, the meeting of warm air from 
the south and cold air from the polar regions, makes its glacial history reactive and 
complex. There have been an estimated 15-23 glaciation events in Iceland throughout 
the past 3 mya, with each event commonly involving multiple small to medium-scale 
glacier advances and retreats (Einarsson and Albertsson, 1988). During the last glacial 
maximum, 25 ka – 19 ka, Iceland was almost completely covered by ice with a mean ice 
thickness of 940 m and a surface elevation of 2000 m (Einarsson and Albertsson, 1988; 
Hubbard et al., 2006). Deglaciation began ~ 19 ka, but terminal moraines in western 
Iceland have been associated with at least 9 glacial re-advances between 18 ka to 9.6 ka 
BP (Gudmundsson, 1997). 
2.1.2 Geologic Setting
 Tuyas were first described and defined by Matthews 
(1974), based on his studies in northwestern British Columbia. 
He described flat-topped basaltic mountains with steep sides 
that could not be explained by erosion. Matthews (1974) 
determined that the lithofacies of these mountains indicated 
eruptions that took place beneath or within glacial ice sheets 
(Russell et al., 2014). Since then, several other studies have 
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Figure 3. Cross-section of tuya formation. The start of the erup-
tion might form a disturbance, such as a cauldron, on the ice 
surface. Eventually, the volcano will erupt into an ice-confined 
body of water (Jakobsson, 2008)
6used “tuya” and other words to describe subglacial volcanic features (Jones, 1970; Tuffen 
et al., 2002; Smellie, 2007; McGarvie et al., 2007; Jakobsson and Gudmundsson, 2008; 
Edwards et al., 2009). For this study, we use the word tuya as defined by Russell et al., 
(2014):
1) A type of volcano and cannot be applied to distal glaciovolcanic deposits un-
connected to any discernible vent (i.e. isolated deposits of lava/tephra)
2) Has positive relief resulting from constructional processes
3) Has a morphology that results from ice confinement rather than erosional pro-
cesses (e.g. mesas)
4) Comprises lithofacies indicative of, or consistent with interactions between 
magma and ice/melt water
5) Can comprise any chemical composition
The cores of tuyas are typically made up of lava pillows, representing early 
subaqueous effusive eruption.  As the tuya grows in height, it becomes dominated by 
heavily fragmented material such as pillow breccias and hyaloclastite, fragmented glass 
produced by the explosive interaction between magma and water. A shift to water-lain 
tephra usually results from the tuya erupting into a body of water, such as a glacier-
confined lake (Fig. 3). Tuyas are commonly capped by subaerial lava flows, creating the 
characteristic flat top (Russell et al., 2014). These subaerial flows are responsible for 
creating the passage zone, the zone of transition between water and air that provides a 
minimum ice-thickness level for the surrounding glacier, as defined by Jones and Nelson 
(1970) (Fig. 4). 
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Figure 4. Cross-section of subgla-
cially-erupted lithofacies. A core 
of pillows is created and contrib-
utes to endogenous growth, and is 
then covered by fragmented mate-
rial such as hyaloclastite. Once the 
tuya has built up above the water 
level, subaerial flows can begin 
(Jakobsson, 2008). 
72.1.3 Hlöðufell
Hlöðufell is a tuya in the Western Volcanic Zone of Iceland, approximately 90 
km northeast of Reykjavik and only 9 km south of the present day margins of Langjökull 
ice cap. Hlöðufell is 686 meters tall with a maximum elevation of 1186 masl, and is 
surrounded by post-glacial subaerial lava flows. Like other subglacial edifices in the 
southwest volcanic zone, Hlöðufell lies within a well-defined NNE-SSW trend (Fig. 5). 
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Figure 5. Location of Hlöðufell. A map of western Iceland showing the relative location 
of Hlöðufell. Inset shows the location of Hlöðufell and the general trend of other subgla-
cial edifices in the region (National Land Survey of Iceland). 
Figure 6. Ages of subglacial edifices in WVZ (Licciardi et al., 2007). Hlöðufell’s age is 
not well constrained.
8Licciardi et al. (2007) used 3He concentrations in olivine phenocrysts to date 
several subglacial volcanic mountains in the Western Volcanic Zone (Fig. 6). The other 
tuyas and tindars (elongate tuyas) were dated between 10.2 – 12.6 kya, but Licciardi 
dated Hlöðufell at 8.2 kya. However, because this technique is only dating surface 
exposure ages, it is only accurate when the samples used have been continuously exposed 
throughout their history, and when Liccardi returned to the same outcrop the following 
season, he discovered it covered in snow, casting doubt on the accuracy of the date.  
Moore and Calk (1991) performed a 
detailed study of the petrography of 6 major 
subglacial volcanoes throughout the active 
volcanic zones of Iceland, using the electron 
microprobe for major element analyses on glass 
chips and XRF for major element analyses on bulk 
rock samples. They collected 19 samples from 
various elevations at Hlöðufell and found that 
the erupted products are basaltic with an average 
SiO2 of 49.07 wt. %, with plagioclase being the 
dominant phenocryst (Moore and Calk, 1991). 
Jakobsson (2012) also performed a petrographic 
analyses of samples from Hlöðufell during his study on intraglacial volcanism in the 
Western Volcanic Zone. Jakobsson classified the Hlöðufell samples as olivine tholeitte 
basalts (Table 1). These analyses differ greatly, and no explanation as to why can be 
found. 
Skilling (2009) identified 19 distinct lithofacies, and divided them in to 5 major 
categories: intrusive coherent magma bodies, coherent lava flows, breccias and tuff 
breccias, lapilli tuffs, and hyaloclastite lapilli tuffs (Fig. 7). These 5 categories make up 
the units that represent 4 distinct eruptive stages. Stage I was an entirely sub-ice, effusive 
Moore 
(1991)
Jakobsson 
(2012)
SiO2 49.07 47.25
TiO3 1.538 1.375
Al2O3 14.57 15.005
FeO 11.94 9.505
Fe2O3 2.175
MnO 0.22 0.195
MgO 7.314 9.86
CaO 12.34 11.85
Na2O 2.069 2
K2O 0.33 0.135
P2O5 0.152 0.12
Table 1. Average major element 
analyses of Hlöðufell glasses. 
completed by Moore (1991) and 
Jakobsson (2012).
9eruption that formed the base and core of the tuya. The inner core of the unit consists of 
irregular intrusive bodies and blocky, cooled magmas with features that indicate cooling 
by interactions with water, such as columnar jointing. Skilling inferred that these irregular 
bodies resulted in endogenous, or internal, growth of the tuya and that they were lava 
sheets emplaced by high effusion rates. Toward the margins of these irregular bodies and 
in several areas surrounding the base of Hlöðufell are coherent basaltic pillow mounds. 
These were emplaced during periods of lower effusion rates and are up to 240 m thick. 
Complex), stage II (Subaqueous Phreatomagmatic Deposits), stage III
(Lower Subaerial Lavas and Cogenetic Lava-Fed Deltas) and stage IV
(Upper Subaerial L vas and C ge etic Lava-Fed Delt s). A summary
diagram illustrating the evolution of the volcano is given in Fig. 4. Note
that descriptions and interpretations of the lithofacies associated with
each stage are given in Table 1.
5.1. Stage I (Sub-Ice Lava Complex)
The Sub-Ice Lava Complex is equivalent to the pillow volcano stage
of Skilling (1994), Smellie (2001, 2006) and Smellie and Hole (1997),
or the basal pillow complexes of Werner and Schmincke (1999).
This stage's products are exposed at many places on the plains
immediately adjacent to the base of the mountain, at slightly higher
elevations where they protrude from the talus slopes, but are most
dissected in a deep, steep-sided, gully near the Sælahús hut at the south-
west corner of the mountain (Figs. 2, 3, 5a–c). Stage I formed dominant
ridge and mound-like lavas of (LbNLp) facies with minor lithic
(crystalline) lava breccias and hyaloclastite lapilli tuffs derived from
both of these lava types (Fig. 5h). The ridges and mounds are typically
about 30–70 m high (Fig. 5) and up to 350 m in length. Mounds were
presumably generated by vent-focusing along the same fissure system
that initially generated ridges (e.g. Wylie et al., 1999). Dissectedmounds
and ridges in the gully near the hut, occur up to an altitude of at least
740 m above sea level, are up to 240 m thick, and display steep margins
ranging from 30 to about 60°. It is interesting to note that the present
height of Þórólsfjell, an edifice dominated by pillow lavas and pillow
breccias, to the immediate north of Hlöðufell (Fig. 3) is about 750 masl.
This common elevation of similar and adjacent subaqueous lava
complexes probably suggests a common confining pressure control on
the initiation of phreatomagmatic explosions at these adjacent centres,
i.e. eruptions along the samefissuremay have reached a similar ice and/
or water depth before explosive fragmentation began. If this interpreta-
tion is correct, then the maximum thickness of the pillow lavas at
Þórólsfjell (at least 250 m) implies that the transition to explosive
activity could have occurred under water and/or ice of at least 250 m
depth. Note that this is a minimum value as the thickness of the
postglacial subaerial lava flows that ponded around the base of
Þórólsfjell are not known, and that it also does not consider the
possibility that drainage of water and/or overlying ice fracture triggered
a reduction in confining pressure. The lavas in the gully near the Sælahús
hut are dominated in their upper 10–20mby pillow lavas (Lp), however
at deeper levels they are dominated by Lb lavas (Fig. 5c), and in their
deeper interiors, Ib facies dominates (Fig. 5a–b). Lb facies is interpreted
as equivalent to submarine sheet lavas and to have been emplaced
during periods of higher effusion rates than the pillow lavas (Griffiths
and Fink, 1992). Ib facies is interpreted as water-cooled intrusions into
the subaqueous lava complexes, i.e. they represent endogenous growth.
Fig. 5k is a schematic cross-section of a stage I lava complex, based on
the facies descriptions and interpretations given in Table 1, and shows it
as having resulted from a combination of processes including en-
dogenous (intrusion) and exogenous lava emplacement at variable
effusion rates, water-cooling, ice-contact, talus development and
internal brecciation/shearing.
Stage I lavas often display clusters of distinctive, open, metre-sized
cavities that occur in areas where the margins of the lava body are also
defined by very steep, laterally extensive flat to slightly bulbous glassy
surfaces. The cavities are interpreted as having formed following the
incorporation of trapped ice blocks by the lavas, and are termed ice-block
meltout cavities and the steep glassy surfaces are interpreted as having
resulted from the direct contact of the lava with ice, and are termed ice-
contact lava confinement surfaces. The lavas also contain clusters of
included blocks, that are dominated bymassive and bedded hyaloclastite
lapilli tuff (LThm and LThb facies) and coarser pillow breccia facies (TBp,
Bp), and are here termed hyaloclastite inclusions. Fig. 5 illustrates images
and an interpretation of the origin of all of these structures, and they are
also more fully described below. Some stage I lava mounds and very
similar lava mounds at the same structural position at Skriðutindar
Fig. 4. Schematic cartoon illustrating a simplified evolution of Hlöðufell. (a) Stages I and II evolution: Lavas are erupted from fissures beneath ice that dominantly parallel the NNE–
SSW trend of the Western Volcanic Zone (WVZ). Overlapping ridge-like edifices are produced with vent-focusing subsequently generating more mound-like structures. The edifices
grow both exogenously and endogenously, and are dominated by blocky-jointed lava flows with prominent basal colonnades (Lb) with lesser volumes of pillow lavas (Lp) and some
have water-cooled (fan-columnar and blocky-jointed) intrusive cores (Ib). Many of the lava flows are tube-fed. Most of the mounds and ridges are associated with talus fans on their
steep sides. Some of the sub-ice mounds/ridges display distinctive ice-contact surfaces (ice-contact lava confinement surfaces) and may incorporate ice blocks (ice-block meltout
structures) and blocks of hyaloclastite (hyaloclastite inclusions). At some point, perhaps largely controlled by a reduction in glacio/hydrostatic P, explosive magma–water interaction
was initiated, and a Surtseyan type tuff cone was formed (stage II), with its tephra deposited in an N200 m deep ice-confined lake or subglacial water vault. During this time the
tephra and pillow clasts were also transported by sub-ice meltwater currents that drained to the south of Hlöðufell, (b) New vent (stage III) developed north of main WVZ axis,
generating a prominent subaerial lava and cogenetic lava-fed delta sequence, which onlapped the stage II cone and deposits from the north. (c), Flooding of subaerial lava flows with
about 150 m of ice-confined meltwater, opening of a new vent (stage IV) on the main WVZ axis, and progradation of a second subaerial lava-fed delta sequence.
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Figur  8. Growth of Hlöðufell. A d agram depic ing the location of va io s stages an  
lit of cies thr ghout the ruption of Hlöðufell, not  tha  t e Stage I sub-ic  lavas run 
parall l to the We t rn Volcanic Z ne, following th  s me trend as o h r subgl cial volca-
nic fe tures in the a ea (Skilling, 2009). 
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crater - Stage IV
upper pa sage zone - St ge IV
upper foreset breccia - Stage IV
lower passage zone - Stage III
lower foreset breccia - Stage III
hyalocla tite - Sta e II
scree-covered lower slopes
basal pillows - Stage I
Figure 7.  Aerial view of Hlöðufell. Picture shows the various stages of the eruption as 
identified by Skilling (2009) (Jakobsson and Gud undsson, 2008). 
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The pillows range from several centimeters to several meters across and typically have a 
glassy rind created by rapid quenching. 
Stage II was the phreatomagmatic part of the eruption, comprised mostly of 
breccias made of fragmented pillows and water-lain tephra deposits. Due to the absence 
of bomb sags, Skilling estimated these tephras were deposited in at least 200 m of 
water. Stage III deposits are the first evidence of subaerial eruption processes.  Stage III 
eruptions created a lava-fed delta with foreset beds of pillow breccias that are overlain by 
horizontal subaerial lava flows. The transition from air to water is marked by the passage 
zone, where subaerially-flowing lavas began to quench and fragment (Jones and Nelson, 
1970). The passage zone is well defined and subhorizontal, indicating that the water level 
remained stable throughout Stage III. Stage IV was another subaerial phase, with a vent 
and lava-fed delta 150 meters above that of Stage III, representing a change in water 
depth of the same amount.
2.2 Technique Background
2.2.1 Volatiles in Magma
Magmas are a mixture of melt (liquid rock), crystals, and volatiles (gases).  
Volatiles can occur as dissolved materials within a silicate melt, as gas bubbles, and as 
part of crystallized minerals (Wallace and Anderson, 2000). The solubility of a volatile 
(the maximum amount that can be dissolved in a liquid under a specific set of parameters, 
such as; temperature, pressure, and composition) is strongly dependent on the pressure 
CO2H2O
Figure 9. Henry’s Law. A cartoon repre-
senting Henry’s Law, the law that says 
that the amount of gas dissolved in a 
liquid is related to the pressure exerted on 
the liquid. 
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exerted on the liquid (Dixon, 1995). The higher the pressure, the greater the solubility 
for a given volatile (Fig. 9) (Newman & Lowenstern, 2002). When magma quenches, the 
resulting glass traps the dissolved volatiles. The weight fraction of water (nd) dissolved 
in a magma is related to the pressure (p) and the solubility constant (s) of water by the 
equation:
This equation can be used to calculate the pressure at the time of quenching. 
The concentrations of volatiles in basaltic glasses that erupted subaqueously have 
been used to calculate the depth of water at which the eruption took place. Moore (1965) 
found that the amount of H2O in subaqueous Hawaiian basalts did not vary greatly with 
depth, but that there was a clear correlation between vesicularity and depth. His study led 
to several further studies on subaqueous eruptions (Moore et al., 1977; Gerlach, 1989; 
Dixon et al., 1995; Coombs et al., 2006). 
The same equation can be used in basaltic glasses erupted in subglacial settings 
to calculate the overlying ice-thickness at the time of the eruption. Basaltic pillows 
formed during a subglacial eruption erupt under a pressure which is assumed to be due 
to the weight of the overlying ice-sheet. The quenched material at the base of the tuya, 
representing the early stages of the eruption, erupts under the thickest ice and records the 
highest pressure. As the tuya grows upward into the ice, the magma quenches at lower 
pressures, so the volatile concentration in the glass should decrease (Fig. 10). 
P1
P2
P3
Figure 10. Volatiles during 
tuya growth. A cartoon 
showing the growth of 
basaltic pillows beneath ice. 
The red dots represent H2O. 
Under P1, the dark orange 
(glassy) rims of the pillows 
trap the most amount of 
H2O. As the pressure de-
creases, less H2O is trapped. 
P1 > P2 > P3
nd = sp
-1/2 (eq. 1)
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2.2.2 Previous Literature
Tuyas in British Columbia (Dixon et al. 2002; Edwards et al. 2009)  and Iceland 
(Höskuldsson et al. 2006; Schopka et al. 2006), have been the focus of efforts to use 
pressure-solubility models for CO2 and H2O in mafic melts to calculate the ice thickness 
at the onset of the eruption. Dixon et al. (2002) studied Tanzilla Mountain, a basaltic 
tindar (an elongate tuya with a length to wide ratio > 2:1 (Russell, 2014)) in British 
Columbia. They found that while the tholeiitic base of the tindar did not degas and had 
constant volatile concentrations, the overyling alkali units did degas and revealed a trend 
of decreasing volatiles with an increase in elevation. The calculated ice thickness was 
consistent with thickness estimates derived by other means. Hoskuldsson et al. (2005) 
also found a decreasing trend in the volatile concentration toward the top of a tuya in 
the Kverkfjöll area in northwest Iceland. Using CO2, H2O, and SO2, they calculated an 
ice thickness of 0.2-1.9 km, in agreement with other estimates that put the ice thickness 
between 1.5-2 km. Edwards et al. (2009) calculated a wide range of thickness estimates 
in the Mount Edziza Complex at the Pillow Ridge Tindar in British Columbia. They 
suggested that these various measured volatile concentrations represent changing water 
depths and ice thicknesses during the formation and growth of the tindar. Schopka et al. 
(2005) found no correlation between volatile content and elevation at Helgafell, a tindar 
in southwest Iceland. They attribute this to hydrological and glaciotectonic processes 
that increased the overlying ice-load during a waning eruption, cancelling the effects of 
increasing vent elevation. Tuffen (2010) summarized these studies in his review and case 
study of these techniques as applied at Torfajokull, Iceland. He discussed the challenges 
associated with using volatile concentrations to calculate ice thicknesses and presented a 
list of the 5 criteria that must be met in order to use the technique.    These criteria are as 
follows: 
1.) Samples must come from a volatile-saturated magma. If the magma is not fully 
saturated, then they represent a minimum quenching pressure. One indicator of a volatile-
14
saturated magma is the presence of vesicles and gas bubbles. Gases do not exsolve until 
the magma becomes fully saturated, so the presence of vesicles means that saturation has 
been reached. 
2.) The magma must have undergone equilibrium degassing. Present pressure-solubility 
relations and degassing models are based on the assumption that there has been equal 
exchange between the volatiles in the melt phase and volatiles in the vapor phase. 
Whether or not a magma degassed in equilibrium is based on degassing dynamics and 
whether volatile exsolution can keep up with changes in pressure due to ascent. If the 
volatiles cannot exsolve fast enough due to rapid ascent rates or magma viscosity, then 
the magma will become supersaturated and will degas in disequilibrium. For basaltic 
magmas to degas in disequilibrium, the ascent rate must be >100 m/s (Proussevitch 
& Sahagian, 1996). For basaltic magmas, ascent rates this high are rarely reached, 
so for most subglacial eruptions, it can be assumed that the magmas have undergone 
equilibrium degassing (Tuffen, 2010). 
3.) Post-quenching and post-degassing movement is another important criterion. Care 
must be taken in the field to take samples from locations that are representative of their 
quenching location. 
4.) The samples must be relatively homogenous. It is possible for heterogeneities to exist 
within individual thin-sections of a sample due to gradients around vesicles, crystals, 
and fractures that were frozen in place during quenching. This means that care must be 
taken to avoid these heterogeneities and to find a “steady state” volatile concentration. 
If heterogeneities are found that are not related to obvious features in the glass, then it 
cannot be considered homogenous. 
5.) Finally, samples must not have experienced post-quenching hydration. Due to the 
nature of subglacial eruptions, the interaction between water and the eruption products 
does not end at the conclusion of an eruption. However, infrared spectroscopy can be 
used to differentiate between post-quenching, meteoric water, and magmatic water. 
Water incorporated into igneous rocks at low temperatures, such as meteoric water being 
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introduced post-eruption is present as molecular water, H2Om, while magmatic water is 
present as hydroxyls (OH). These two types of water absorb different wavelengths of 
light and can therefore be distinguished and their concentrations determined by infrared 
spectroscopy.
2.2.3 Solubility Models
In order to calculate an ice-thickness from volatile concentration, volatile 
concentrations must be related to a pressure. As previously discussed, the amount of 
volatiles dissolved in a melt, or the solubility of a volatile, is related to pressure of a 
system. However, there are several different solubility models, all utilizing different 
parameters. Moore et al., (1995, 1998) created a model that predicted the volatile 
concentration as a function of temperature, pressure, fugacity, and melt composition. 
However, the model can only be applied to single-component systems, so the effects 
of the presence of both CO2 and H2O are not accounted for. Papale (1998) presented a 
model that predicted H2O and CO2 concentrations as functions of composition, pressure, 
temperature, and fugacity. Because the model works for a two-component system 
containing H2O and CO2, it provides a more detailed record of degassing processes than 
the Moore (1998) model. VolatileCalc (Newman and Lowenstern,  2002) is an excel 
Visual Basic program that calculates saturation pressures for rhyolites and basalts as 
functions of SiO2, pressure, and temperature. However, because VolatileCalc does take 
into account bulk composition of the melt, it has been calibrated over a narrow range of 
compositions, meaning it is not appropriate for melts whose composition differs greatly 
from those used to calibrate the model.
After a pressure has been determined from the appropriate solubility model, the 
pressure can be converted into an ice-thickness using the following equation:    
     
where P is the pressure, ρ is the density of glacial ice, g is the gravitational constant, 
P = ρ g h (eq. 2)
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and h is the ice thickness. Glacier ice has a density of 830-910 kg m-3 (Benn and Evans, 
2010). However, it is incorrect to assume a consistent density throughout the depth of a 
body of ice. Snow on top of ice sheets, if freshly fallen, has a density of 50-200 kg m-3, 
and snow that is in the transition of becoming ice (firn) has a density of 400-830 kg m-3 
(Benn and Evans, 2010). The depth of firn is highly variable between different ice sheets 
around the world, so some knowledge about the ice sheet in question and its present or 
historical state can provide more accurate calculations. 
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CHAPTER 3
METHODS
3.1 Sampling Methods
Samples were collected over a 5-day period in August 2015 at Hlöðufell, 
in southwest Iceland. Using Skilling’s (2008) detailed study and description of the 
lithofacies at Hlöðufell, I collected samples from the Stage I pillow units and avoided 
samples that appeared to have moved post-eruption or that appeared to have erupted into 
hyaloclastite or anything other than ice/water. 
Samples were collected from 20 different locations on Hlöðufell. Samples were 
collected from a variety of locations and elevations, and an effort was made to collect 
multiple hand specimens from individual pillows and multiple samples from specific 
elevations but spatially separated. The purpose of this collection method was to explore 
volatile heterogeneity on multiple scales, small and large.   
3.1.1 GPS elevation Uncertainty
The latitude, longitude, and elevation of each sample location was recorded 
using a Garmin Oregon 550t with a barometric altimeter. While the horizontal accuracy 
of a handheld GPS is <15 m or better, the vertical accuracy can vary by  ± 120 meters 
if not calibrated (Zhang et al., 2015). Unfortunately, our GPS was not calibrated, so the 
accuracy of the recorded elevations is unknown. In order to establish a minimum amount 
of elevation accuracy, the GPS coordinates of each location were input into ArcMap on 
a digital elevation basemap provided by NASA/METI (ASTGDEMV2_ON64W021), 
which has a vertical accuracy of 10-25 meters. However, due to the amount of error, 
we place more emphasis on the elevation of each sample relative to each other than on 
absolute elevations. 
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3.2 Sample Preparation
Samples were cut to billet size using a diamond blade trim saw, then polished 
using glass plates and a polishing wheel with a 0.3 micron silica carbon powder. They 
were then mounted to glass slides using CrystalBond 509, and cut and ground to ~100-
300 microns with the thin section machine. The samples were again polished to 0.3 
microns. The samples were then placed in an acetone bath to dissolve the CrystalBond 
and release the sample from the glass slide, resulting in a thin, doubly-polished, free 
standing wafer. 
3.3 Spectroscopic Analyses
3.3.1 Fourier Transform Infrared Spectroscopy 
The amount of infrared light absorbed by a solid is related to the type of chemical 
bonds and the magnitude of vibrations between these bonds within a molecular structure 
(Devine et al., 1995). In FTIR (Fourier transform infrared) spectroscopy, an interferogram 
representing the amount of absorbed light as a function of time is mathematically 
broadband 
light source
fixed mirror
moveable 
mirror
Beamsplitter
combined beam
sample
detector
interferogram
Fourier Transformation
Absorbance Spectrum
Peak Height
Figure 11. FTIR arrangement. A diagram depicting the arrangement of the Michelson 
interferometer, showing the broadband light source, the two mirrors, and the sample. The 
right-hand side shows what an interferogram looks like before and after it has undergone 
fourier transformation. 
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transformed using a Fourier equation into a spectrum showing absorption as a function of 
frequency and intensity. 
FTIR spectroscopy uses a Michelson interferometer, a series of light sources, 
mirrors, and detectors (Griffiths and Haseth, 2007). Infrared radiation is emitted from a 
broadband light source (Fig 11). The infrared beam includes radiation of all wavelengths 
in the IR range. The beam is directed first toward a beamsplitter, a material that divides 
the original beam evenly into reflected and transmitted beams. These two beams are 
directed onto mirrors and then back to the beamsplitter where they recombine before 
traveling through the sample and then to the source.  Because the intensity of a light beam 
is a function of its distance traveled, the two beams will recombine at the beamsplitter 
in a constructive manner when both mirrors are equidistance from the beamsplitter. 
However, the transmitted beam is reflected onto a mirror that is moveable in the 
direction that is parallel to the original light path from the source. When the reflected and 
transmitted beams recombine after travelling different distances, interference is created, 
creating constructive interference at some wavelengths and destructive interference at 
others (Griffiths and Haseth, 2007). The detector records an interferogram, representing 
the amount of absorbed light as a function of path length, or mirror position, and then 
Fourier transformation creates a spectrum that shows the amount of light absorbed as a 
function of wavenumber (Fig. 11). 
 Absorbance is measured as the height of a peak at a particular wavenumber or 
the area under the peak when baseline corrected, though measuring the peak height has 
higher precision for glasses (Ohlhorst et al., 2001). 
 This absorption is used with the Beer-Lambert Law in order to calculate the water 
concentration. The following equation is a modified version of the Beer-Lambert Law 
(Stolper, 1982) that uses the peak height:
where c is the weight fraction of the compound of interest; m is the molecular weight 
c = m  A
ρ  d  ε
(eq. 3)
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of the compound of interest; A is the height of the peak at a particular wavenumber, ρ 
is density, d is sample thickness in cm, and ε is the absorption coefficient (Fine, 1986). 
Numerous studies have led to several different absorption coefficients, which are 
dependent on composition (Table 3).
The 3550 cm-1 band represents fundamental OH- stretching, so the peak at 3550 
is used to measure to total water. OH- stretching could be due to water dissolved as 
hydroxyl groups or as molecular water (H2Om), so the 3550 cm
-1 band cannot differentiate 
between different water species, but only represents total water concentration (King 
and Holloway, 2002). H2Om is measured at the 1630 cm
-1 peak, which represents the 
absorbance of the H-O-H bending vibrations (King and Holloway, 2002). In melts 
saturated with H2O at low pressures, the H2O is incorporated mostly as hydroxyl groups. 
The H2O reacts with oxygen ions in the melt to create two hydroxyl groups (Stolper, 
1982). However, water can also be present as molecular H2O. Above 0.5 wt. % total 
water at atmospheric pressure, and lower percentages at higher pressures, water starts to 
be present in the molecular form as well. Hydroxyl groups are the dominate species until 
approximately 3 wt. % total water, at which point water starts to become incorporated as 
molecular water (Stolper, 1982).
3.3.2 Analytical Methods
Transmission and reflectance FTIR spectra were obtained in the near-infrared 
region using a Hyperion 3000 IR microscope attached to a Bruker Vertex 70 Spectrometer 
with a liquid N2 cooled MCT (Mercury cadmium telluride) detector. The spectra were 
collected using a silicon carbide globar source that produces infrared radiation in the 
7000-700 cm-1 wavenumber range, a KBr broadband beamsplitter, and the microscope 
chamber was purged with N2 gas during collection to clear the chamber of atmospheric 
CO2 and H2O. The resolution of each measurement was 4 cm
-1, and 32 scans were 
collected for all background and sample spectra. The aperture was set at 6 mm, but for all 
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scans the sample area was approximately 25 x 25 mm. After Fourier transformation, each 
transmission spectra was baseline corrected with OPUS software with the rubber band 
method using 64 points. The rubberband method corrects the slope of the baseline of the 
spectra by dividing the spectra into n segments (64) and connecting the minimum point of 
each segment with a straight line (Erukhimovitch et al., 2010). 
 Transects across fractures, vesicles, and crystals were made on several samples 
to establish a minimum distance from such features that volatile concentrations attain a 
steady state. All measurement spots were chosen to represent areas that would provide 
that best possible “steady state” water concentration, meaning there was no influence 
from surrounding features. Based on the completed transects, all measurement spots were 
located at a minimum of 100 microns away from fractures, vesicles, and crystals (Fig. 
12). However, spots were also chosen to cover a range of textures visible within the glass, 
in order to observe any correlation with water content and texture. 
Total water concentrations were measured using the 3550 cm-1 peak, using an 
Figure 12. H2O concentration on vesicle cross-section. A 2-D contour plot created by 
OPUS software, showing the amount of absorption for the 3550 cm-1 peak. The gradient 
of water concentrations moving away from the two vesicles are each approximately 100 
microns long. This indicated that in all future analyses, measurements should be taken 
100 microns away or further from any obvious features in the glass, such as vesicles, 
fractures, or crystals. 
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absorption coefficient of 63 ± 5 l mol-1 cm-1 (Dixon et al., 1988). Molecular water was 
measured using the 1630 cm-1 peak, using an absorption coefficient of 25 ± 3 l mol-1 cm-1 
(Dixon et al., 1995). These coefficients were chosen based on their popularity amongst 
previous studies (Table 3).
The molecular weight of H2O is 18.02 g/mol for water. The density was calculated 
using the method described by Lange and Carmichael (1980) and the result was 2750 g/L 
at 1200 ̊ and atmospheric pressure. 
The thickness of each sample was measured with a Starret 77 digital micrometer 
with a 3 mm error. Multiple measurements were taken on each sample; the number of 
measurements was dependent on the size of the sample. These measurements were then 
averaged and used for every measurement point within a sample. Unfortunately, this 
technique does not allow the thickness to be measured precisely at each measurement 
point, as the calipers on the gauge have a much wider diameter than each measurement 
area, and it is impossible to locate the exact position of a measurement point. However, 
our samples were thick enough that the error associated from sample thickness was not 
50 100 150 200 250 300 350 400
0.0
0.5
1.0
1.5
2.0
Thickness (microns)
Figure 13. How thickness affects H2O concentrations. As a sample gets thinner, the error 
in H2O associated with the measurement thickness gets larger. The three curves represent 
absorptions of 0.1 (blue), 0.3 (red), and 0.7 (green). The darker , upper and light, lower 
portion of each curve represents +10 microns and -10 microns, respectively.  
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significant (Fig. 13) (Owen, 2013). 
Molecular H2O in samples was measured at the 1630 cm
-1 peak. Molecular 
water concentration can be calculated using the Beer-Lambert Law and an absorption 
coefficient of 25 ± 3 mol-1 cm-1 l (Dixon, 1995); however, peaks at this wavenumber were 
rarely discernible. 
  
3.3.3 Agrinier’s Equation
 Total water concentration was also calculated using the method described by 
Agrinier and Jendrezjewski (2000). This method was developed in order to reduce the 
error introduced to the Beer-Lambert Law by the error associated with the density and 
thickness measurements. According to Agrinier and Jendrezjewski (2000), when using 
the absorption coefficient of 78 ± 1 l mol-1 cm-1 and the Beer-Lambert law, the error 
in measuring density accounts for ~ 42% of the total error, thickness error accounts 
for ~ 30%, and the absorption coefficient error for ~20%. By developing an equation 
that removed these variables, Agrinier and Jendrezjewski (2000) reduced the water 
concentration uncertainty from 160 ppm to 60 ppm. They used 292 samples with a 
known thickness and density and plotted their product against the absorbance difference 
(absorbance1710 – absorbance2234) and obtained the equation:
Where ρ is density and d is thickness. They chose to use the 1710 cm-1 and 2234 cm-1 
wavenumbers because this represents an “IR clean domain,” meaning that the detector is 
not oversaturated, nor are there any significant peaks pertaining to specific compounds 
in this range (Agrinier and Jendrzejewski, 2000). This equation now accounts for density 
and thickness and can be used in the following equation:
 
Where MH2O is the molecular weight of H2O and εOH  is the absorbance coefficient. When 
ρ  d = 568.1x + 459.34 (eq. 4)
OH = MH2OεOH x
absorbanceOH
851.74 (absorbance1710  -  absorbance2234) +22.08
(eq. 5)
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total OH is plotted against the absorbance ratio, the slope should be equal to MH2O/εOH. 
Agrinier and Jendrezjewski (2000) tested this relationship with 129 spectra from 91 
samples of MORB glass with water concentrations determined by manometry, a process 
that uses heat to release volatiles within a sample and pressure differences to determine 
the volume of volatiles. When the total OH determined by manometry was plotted against 
the absorbance ratio, the resulting equation that passes through the origin is:
3.4 Converting H2O to Pressure and Ice thickness:
 Total water concentrations were converted to quenching pressures using 
VolatileCalc, an Excel Macros program developed by Newman and Lowenstern (2002. 
VolatileCalc was chosen over Moore’s model (1998) because it works with a two-
component volatile system and because it is the most commonly used model. VolatileCalc 
requires the input of SiO2 wt. %, H2O wt. %, CO2 ppm, and temperature, and returns the 
saturation pressure in bars. 
 This pressure was then converted to an ice thickness using the equation:
where T is the ice thickness in meters, P is the saturation pressure in bars, ρ is the density 
of glacial ice, 900 kg m-3, and g is the acceleration due to gravity, 9.8 m s-2. 
3.4.1 Calculating Solubility Pressure Curves:
 Solubility pressure curves (SPCs) were plotted using VolatileCalc to calculate 
the quenching pressure of a magma with an SiO2 of 47.245 wt. % (Jakobsson and 
Guðmundsson, 2008), at a temperature of 1200o C, with 0 ppm CO2, and water 
concentrations ranging from 0.061 to 1.3 H2O wt. %. The SiO2 determined by Jakobsson 
and Guðmundsson (2008) was used, as opposed to the SiO2 content of 49.07 wt %, 
OH = 2,325,516 x absorbance
OH
851.74 (absorbance1710  -  absorbance2234) +22.08
(eq. 6)
(eq. 7)T    = 
(P × 100,000)-101325)
ρ  g
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 Figure 14. Solubility Pressure Curves. (top) An example of solubility pressure curves 
representing different loading materials. (bottom) shows how a solubility pressure curve 
relates to the physical tuya and can aid in determining eruption conditions (Owen, 2013).
because it is the more recent number, representing more modern analytical techniques. 
H2O was plotted against pressure, and a line fit to the resulting data. The equation of this 
line is then used to calculate a water concentration from an estimated ice-thickness. These 
SPCs are graphed with the data to determine which SPC best fits the data (Fig. 14).  
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Field Observations
 Specimens were collected in 3 distinct areas of Hlöðufell; the gully, the eastern 
ridge, and Rani (Fig. 15). The specimens varied by location, but in all locations, the 
glassy rinds of the basaltic pillows ranged from 0-4 mm thick. 
 Sample C-15-01 was collected from the eastern wall in the gully and samples 
C-15-02, 03, and 04 were collected at the base of the cliff at the head of the gully, just 
above a small niche glacier (Fig. 15). 
 In the gully, coherent pillow mounds outcropped through steep slopes of 
scree. These pillows were 0.5-1.5 m wide. The hand samples are~ 80% matrix, 20% 
phenocrysts, with the phenocrysts being 50% clinopyroxene and 50% plagioclase. These 
phenocrysts appear to have an average size of 1 mm. The samples are ~ 2-5% vesicular 
with round vesicles ranging between 0.1-0.3 mm. 
 On the eastern ridge, the pillows were often surrounded by patches of palagonite, 
most likely a results of weathering due to the exposed nature of the outcrops. These 
pillows were 0.3-1 m wide and hand specimens are 70% matrix, 30% phenocrysts. 
Phenocrysts are 70% plagioclase and 30% clinopyroxene, with most crystals < 0.5 mm, 
but several are up to 2 mm. The vesicle content is ~ 2% toward the center of the pillow 
and ~ 5% toward the margins, with vesicles < 0.5 mm. Care was taken to avoid sampling 
pillows that were definitively located directly within hyaloclastite (Fig. 16a) but pockets 
of hyaloclastite existed throughout the area (Fig. 16c).
 Rani is the pillow mound to the southeast of Hlöðufell. These pillows were 
extremely well-exposed in a weathered gully, but due to this weathered exposure, the 
pillow rinds were fragmented and extremely fragile (Fig. 16d, Fig. 17). These are the 
most vesiculated samples, with % 30 vesiculation with some vesicles as large as 1 cm, 
but most around 1-2 mm. These specimens are 95% matrix and only 5% phenocrysts, 
with plagioclase being the dominant, visible mineral. 
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C-15-01
C-15-02
C-15-04
C-15-03
C-15-06 C-15-07
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Figure 15. Sampling locations. (top) Hlöðufell with the three sampling locations marked. 
(bottom) A closer view of the southern side of Hlöðufell with the sample locations 
marked. 
N
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Figure 16.  Field photographs. (a) An outcrop of 
hyaloclastite found adjoining outcrop of pillows 
on Eastern Ridge. (b) A coherent, well preserved 
pillow found on the Eastern Ridge. (c) A small 
pillow (~ 10 cm) in a pocket of palagonite found 
between pillows in the Rani gully. (d) A close-
up (~ 5 cm x 2 cm) of a glassy rind on a pillow 
in the Rani Gully, exhibiting the fractured and 
weathered state of the rinds. The red outline 
highlights a large chunk of glass that has been 
weathered away. (e) A well preserved, rounded 
pillow in the Rani gully. 
a b
c d
e
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  In almost all samples, the outer edges are clear, pure glass, with some crystallites, 
assumed to be oxides, present. The abundance of crystallites increases from the glassy 
margin toward the aphanitic core of the pillow (Fig.18).
Figure 17. Rani gully outcrop. (left) The author examining a pillow at the base of the 
outcrop of pillows in a gully at rani. (right) A portion of the outcrop of pillows in the 
gully at rani. The outcrop in the photo is approximately 3.5 m long. 
Figure 18. Photomicrograph of glass 
textures. C-15-28A, exhibiting the 
gradation of oxides. The clear glass is 
in the upper right, and the core of the 
pillow is out of the frame in the lower 
left. 
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4.2 Evaluation of error
 Accuracy of water concentration calculations is dictated by the parameters used 
in the Beer-Lambert Law. Error associated with the FTIR spectroscopy equipment, the 
micrometer, density measurements, and the absorption coefficient all contribute to the 
total amount of error associated with a calculated water concentration. Previous studies 
have found ± 10% relative to be the best estimate of the total error on water concentration 
calculations (Dixon et al., 1988). To test this error, the following equation was used when 
adding or subtracting uncertainties (Owen, 2013):
and the following equation was used for multiplying or dividing uncertainties (Owen, 
2013):
A and B refer parameters within an equation and u refers to the uncertainty associated 
with the parameters. These two equations and the data from measurement Spot 0 on 
sample C-15-01A1 were used to calculate the total error in the H2O concentration 
associated with the Beer-Lambert Law (Eq. 3).
 The absorbance was measured by the peak height at the 3550 cm-1 wavenumber 
as 0.324. The error associated with the absorbance measurement was evaluated by 50 
repeated measurements over a single location. The standard deviation was 0.0018.
 The micrometer has a ± 3 micron error associated with any given measurement. 
Because the micrometer cannot be used in the exact same location as each individual 
FTIR spectroscopy measurement, the thickness of each section was determined by taking 
3-7 thickness measurements throughout the sample and the average was used. Sample 
thickness varied by as little as 2 microns in some samples and as much as 26 microns in 
others, but the average standard deviation in thickness throughout the samples was ±10.4 
microns. Using equation eq. 7 the error from the micrometer and the error in the sample 
thickness combine to a total error of  ±10.8 microns. 
u{A+B} or  u{A-B} =     (u{A})2   +   (u{B})2 (eq. 8)
u{AB} or  u{A/B} =      u{A} 2   +   u{B} 2 
A
( )
B
(eq. 9)( )
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 The density was estimated at 2750 g/L and has an error of ± 50 g/L (Agrinier and 
Jendrzejewski, 2000). The absorption coefficient used in all calculations is 63 ± 5 l mol-1 
cm-1 (Dixon et al., 1988).
 Using equation 8, the error of each parameter propagates through the equation 
resulting in a total error of ± 9.04 %. These calculations were repeated for the thinnest 
thin-section (100 microns), C-15-03B3, and found an error of ± 13.55%, while the same 
calculations for the thickest thin-section (354 microns), 04A, yielded an error of ± 8.69%. 
This increase in error in thinner sections was expected, as previously discussed (Fig. 12). 
 Dixon (1988) found that water concentrations calculated from multiple 
measurements within a single thin-section vary by less than 3% of the average water 
concentration for the sample. She noted that variability occasionally reached 20% and 
attributed this to possible water concentration heterogeneities within a sample. However, 
in this study, variations of water concentrations within single thin-sections ranged from 
2.13% to 47% of the average, though the average variability was ± 18%. As previously 
mentioned, the thickness of a thin-section plays a role in the total water concentration, 
but not enough to account for 47% variability within a single thin-section. This variation 
must be due to heterogeneities in the water concentration throughout the section. 
4.3 Sample Heterogeneity
 One of the goals of this study was to determine whether or not water 
concentrations throughout glassy pillow rinds are homogeneous. This was done by 
comparing water concentration variations throughout single thin-sections, multiple thin-
sections from the same pillow, and multiple pillows from the same elevation. 
 Sample C-15-01A3 is a thin-section from a pillow located in the gully on the 
southwest side of Hlöðufell where the Stage I pillows are best exposed (Fig. 15). The 
measured area is approximately 0.26 x 0.33 cm2 but the water concentration varies by 
0.22 wt % H2O throughout, ranging from 0.09 to 0.32 wt %. This represents a pressure 
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range of 10 bars, all within a single sample 
(Fig. 19). C-15-01A1 and C-15-01A3 are 
two thin-sections cut from a single hand-
specimen. Between these two sections, the 
water concentration range is 0.232 wt. %, 
from 0.083 to 0.32 wt. %.  
 In order to determine whether these 
were real variations in water concentrations 
or variations due to the presence of features 
such as vesicles and fractures within the 
glass, each anomalous measurement point, 
whether the concentration was low or high, 
was analyzed optically at 600x magnification. Many of the initial measurements that 
yielded anomalously low or high water concentrations were found to be on or above 
crystals, fractures, or vesicles not initially seen with the Hyperion 3000 IR Microscope 
(15x) used for FTIR analysis (Fig. 20). These measurements were removed from the 
dataset and were not used to calculate ice thickness. However, some measurement points 
Figure 19. Variation in absorbance within in-
dividual sample. Sample C-15-01A3. 0.245 
absorbance is equal to ~ 0.09 wt % H2O and 
0.787 absorbance is equal to ~ 0.32 wt % 
H2O. 
Figure 20. Hidden vesicles in basaltic glass. These two photomicrographs show how 
features could go unobserved while taking measurements with the Hyperion 3000 IR 
microscope (15x). (left) The arrow points to the measurement point at 40x. The vesicle 
is barely visible. (right) At 60x, the vesicle becomes obvious.  
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with anomalous water concentrations were not located near any obvious feature that 
would affect the water content, so they are assumed to represent real H2O variations and 
are included in the original dataset. Removing the erroneous measurements reduced the 
range within C-15-25 from 0.38 wt. % H2O to 0.31 wt. % H2O, and within C-15-01A 
from 0.23 to 0.11 wt. % H2O. The range of all samples with anomalous measurements 
removed can be seen in Figure 21 and is summarized in Table 3. These results show that 
care must be taken when choosing measurement locations. 
After removing anomalous data points, statistics can be used to determine the 
heterogeneity of samples. First, the variation of H2O concentrations within individual 
thin section was analyzed.  120 measurements were taken in a grid across a sample, 
not avoiding any crystals, fractures, or vesicles. This resulted in a range of 0.19 H2O 
wt. %. Then took 120 measurements were taken within the same area, but avoiding 
features such as crystals, fractures, and vesicles. This range was 0.095 H2O wt. %. The 
ranges of H2O concentrations for thin-sections C-15-01A3, C-15-01B, C-1501B2, C-15-
01C, C-15-01C2, C-15-01D are 0.068, 0.036, 0.059, 0.095, 0.053, and 0.022 H2O wt. 
%, respectively. The largest range, 0.095 H2O wt. %, represents a range of 3.56 bars, 
equivalent to 40 m of ice. The smallest range represents a pressure range of 0.52 bars, 
equivalent to only 5.9 m of ice. With such small ranges, it was concluded that these thin-
sections are homogenous. 
  Next, the variation on a hand-specimen scale and pillow unit scale was analyzed. 
Based on the small differences in H2O concentration averages and standard deviations 
amongst thin-sections and hand-specimens from C-15-01, all representing a single pillow, 
it was concluded that individual pillows are homogenous (Fig. 21). 
 Overall, the average range of all the samples is only 0.057 H2O wt. %, 
representing a range of ~ 20 meters of ice, so it was concluded that all of the samples are 
homogenous and can be used to calculate quenching pressures (Fig. 22). 
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0.040
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0.020
0.005
Figure 21.  H2O and standard deviation on hand-specimen scale. All thin-sections from 
Sample C-15-01. The blocks of color group thin-sections into hand-specimens. The gray 
horizontal lines mark the minimum and maximum average H2O concentrations. The 
differences are relatively small and demonstrate homogeneity at the hand-specimen scale 
and the pillow scale. 
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Figure 22.  Box plots of H2O concentrations and variations in all samples. Yellow box-
es represent ± 9.04 H2O wt. % relative to the average of each sample, which is the error 
associated with each water concentration calculation. 
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4.4 Solubility Pressure Curves
 Solubility pressure curves (SPCs) were calculated using the VolatileCalc program 
(Newman and Lowenstern, 2002). Parameters used in the calculation are an SiO2 content 
of 47.245 wt. % (Jakobsson & Johnson, 2012) 0 ppm CO2, and a temperature of 1200
o  C.
 We assumed a liquidus temperature of 1200 ̊  ̊ C for basalt of this composition 
because it is a typical liquidus temperature of basalts of similar compositions and small 
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Figure 23. Effects of temperature on SPCs. (left) SPCs of ice and water 100 m thick/
deep. The difference is indistinguishable at low elevations and only gets smaller as 
the elevation increases. (right) SPCs for ice and water 500 m thick/deep. Again, the 
difference is minimal and only decreases as you increase with elevation. 
Figure 24. Effects of loading materials on SPCs. (left) SPCs for 100 m thick loading 
material. (right) SPCs for 500 m thick loading material. The difference between the 
ice and water SPCs for 500 m of loading material is minimal. For SPCs for 100 m of 
loading material, the difference for a sample at an elevation of 500 m, near the base of 
the tuya, the difference can still only be as large as 0.03 H2O wt. %. In both models, 
the difference between the ice and water SPC decreases as you increase in elevation. 
38
temperature changes do not greatly affect the SPCs. From 1100 ̊  ̊  to 1300 ̊ ̊, the water 
concentration of a sample under 500 m of ice would only change by 0.001 wt. % H2O 
(Fig. 23).  The difference between the ice SPC and the water SPC is minimal; for a 
sample at 500 masl under 100 m of ice or water, the difference is only 0.01 wt. % H2O, 
with 0.29 wt. % beneath ice and 0.30 wt. % beneath water (Fig. 24). As the elevation 
increases and the depth or thickness decreases, this difference approaches 0.
 SPCs were calculated for ice and water surface elevations of 1000 m, 800 
m, 600 m, 400 m, 300 m, 200 m, and 100 m (Fig. 25). The only curves that come 
close to matching the data are the curves for 100 m thick ice and 100 m deep water 
when the SPCs are compared on a plot of water concentration vs. elevation (Fig. 26). 
However, even the 100 m thick ice SPC just barely overlaps the highest recorded water 
concentrations from a few of the elevations. When plotted with the average water 
concentrations from each elevation, the ice surface must be reduced to 565 masl, a 
thickness of 75 m, in order to satisfy the data (Fig. 27). This is not a plausible scenario, as 
samples were collected at higher elevations on the tuya, up to 591 masl. 
H2O (wt. %)
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water
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Figure 25. Solubility Pressure Curves for various loading thicknesses. Water concentra-
tion are plotted against elevation for a variety of ice or water depths. The surface eleva-
tion of the water or ice is in parentheses. 
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Figure 26. All H2O concentrations plotted against elevation. Water concentration plotted 
against elevation for all samples plotted with solubility pressure curves for ice and water 
100 and 200 m thick/deep. 
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Figure 27. Average H2O concentrations. They are plotted against elevation with an SPC 
representing ice that is 75 thick. Though the SPC agrees with the data, it is not a plausible 
scenario because samples typical of subglacial or submarine eruptions were collected at 
elevations higher than 575 m. 
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4.4.1 Interpreting SPCs:
 The most obvious challenge in interpreting our water concentrations and confining 
pressures is addressing the extremely low water concentrations calculated from the Beer-
Lambert Law with absorbance’s determined from FTIR spectroscopy analyses. This issue 
is addressed by referring to Tuffen’s (2010) 5 criteria for using volatile concentrations to 
calculate quenching pressures. 
 The first criterion is that samples must be volatile saturated. Every sample 
used in this study is vesiculated, which indicates that our magma was fully saturated. 
No literature has been found to suggest that magma can vesiculate and exsolve a gas 
below or before reaching full-saturation levels. Therefore, initially unsaturated volatile 
concentrations cannot explain our low H2O contents. 
 The second criterion is that the magma must have experienced equilibrium 
degassing. Water diffusion and exsolution are typically fast enough in basalts to 
maintain equilibrium degassing throughout the eruption (Wallace & Anderson 2000). 
Non-equilibrium degassing in basaltic magmas is thought to only occur in explosive 
phreatomagmatic eruptions when the ascent rate is too fast for volatiles to exsolve at a 
rate that corresponds to the changing pressure. Pillows are developed through effusive, 
not explosive, activity and non-equilibrium degassing results in an oversaturated melt. 
The Hlöðufell samples have low water concentrations and are not oversaturated, so non-
equilibrium degassing also does not explain our H2O concentrations. 
 The third criterion is that samples must be homogeneous. The homogeneity of 
the samples was discussed above and while there is some variation within individual 
samples, there is little variation in the average of all the samples. The average 
standard deviation for all of the samples is 0.02 H2O wt. %. The large range of water 
concentrations within individual samples seems to be due to the presence of one or two 
outlying data points. If there were more variation within each sample, the small range of 
averages wouldn’t be expected. Therefore, the samples are sufficiently homogeneous for 
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the averages to be considered valid when matching the data to an SPC. 
 No evidence of post-quenching hydration was confirmed by FTIR, as water 
incorporated into the sample post-quenching would be present as molecular H2O at the 
1630 cm-1 peak, or would have resulted in the presence of palagonite. There were no 
discernible peaks at the 1630 cm-1 wavenumber and no evidence of palagonitization is 
optically visible. This would also increase the H2O concentration, not lower it. 
 The last criterion is that there was no post-quenching movement of the samples. 
Care was taken in the field to avoid fractured or incoherent pillows that could have been 
transported due to weathering or slope-failure. However, it is difficult to discern whether 
or not the magma could have flowed downslope before or during the extrusion of a 
coherent pillow. This scenario could possibly explain our low water concentrations. 
 Banik et al. (2014) studied hyaloclastite and lava flow deposits at Siða in southern 
Iceland. A previous study by Smellie (2008) concluded that Siða erupted under a 1000 m 
thick glacier, based on field observations and lithofacies. Banik et al. (2014) used FTIR 
and the electron microprobe to analyze major element and volatile concentrations from 
Siða and their results led to a different interpretation than Smellie’s (2008). 
 They agreed with Smellie that Siða was formed in a subglacial/subaqueous 
environment, but they found low water concentrations (0.05-0.14 wt. % H2O) that do 
not agree with being erupted under 1000 m of ice. Banik et al. (2014) concluded that the 
hyaloclastite and lava must have erupted and degassed in an englacial lake or cavity at or 
relationship. The presence of apophyses of lava that invade
overlying hyaloclastite indicates that the lava was still partially
molten when it interacted with the hyaloclastite. The preva-
lence of such a large and continuous volume of hyaloclastite
necessitates a watery eruptive environment at the vent site, at
least during a portion of an eruption. Also, hyaloclastite is not
likely to deform and accommodate the lava apophyses unless
the deposit was still water-rich and readily deformable, sug-
gesting that the water was responsible for the formation and/or
transport of the hyaloclastite particles was still present. Finally,
the discoloration of the hyaloclastite immediately above the
lava selvage potentially indicates a reaction to the heat of the
Fig. 10 a Proposed hypothetical eruptive sequence for a Síða SDU
sequence. (A) Fragmentation of magma upon contact with meltwater
trapped in a low-pressure intra-glacial cavity produced the prodigious
amounts of glass particles that would form the hyaloclastite deposit
observed in each Síða sequence. (B) A jökulhlaup carried and deposited
the hyaloclastite particles from underneath the glacier and down-slope of
the initial eruption site. (C) The eruption of basaltic lava occurred very
soon after the jökulhlaup. The lava flowed downslope, following a similar
(or the same, depending on the specific location of the eruption) path that
the newly transported hyaloclastite particles traveled. It is also possible
for this phase to commence outside the glacier (see Scenario 2 in
Fig. 10b). (D1) The lava intruded the hyaloclastite deposit as an interface
sill, or (D2) The lava flowed over the still-wet hyaloclastite deposit for a
short distance, then sank into and invaded the hyaloclastite due to its
greater density. (E) Once the lava was emplaced as a sill, regardless of
mechanism, disruptions of the upper quenchedmargin of the lava resulted
in the formation of conspicuous apophyses visible throughout the Siða
district. b Plan view of regional setting during hypothetical eruptive
sequences. Two scenarios are shown. Scenario 1 involves both
hyaloclastite glasses and lavas forming in a low-pressure subglacial
environment, while Scenario 2 depicts a subglacial/subaerial eruption
similar to that of Eldgjá 934 A.D.
Bull Volcanol (2014) 76:785 Page 15 of 19, 785
Figure 28.  Formation of the deposits at Siða, as interpreted by Banik et al. (2014). The 
magma erupted into atmospheric pressures, producing hyaloclastite. This hyaloclastite 
was carried under the surrounding glacier by a jokulhlaup. The following erupted magma 
followed the same path, erupting at atmospheric pressures but quenching under ice (Ban-
ik et al., 2014). 
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near atmospheric pressures before flowing to higher pressure areas and quenching (Fig. 
28). Because the samples quenched in a location different from where they degassed, 
their quenched, glassy margins do not portray an accurate degassing history. 
 It is possible that the samples collected at Hlöðufell erupted at higher elevations, 
originally under thinner ice/water, than where they were found. This would explain the 
low H2O concentrations. They would have degassed at lower pressures before flowing 
downslope and quenching at their current location (McGarvie, personal communication). 
 Moore (1991) studied and analyzed samples from 6 tuyas in Iceland, including 
Hlöðufell, focusing on their sulfur content. Moore found that S concentrations tended to 
correlate with depth or thickness of the overlying water or ice. Below 200 m of ice/water, 
basalts retained the majority of their original S content, ~ 0.08 wt. %. At depths less than 
200 m, the S content would decrease until reaching the surface and erupting subaerially, 
releasing most of the original S and retaining < 0.03 wt. %. At Hlöðufell, despite the 
sample collected being 300 m below the estimated water level, Moore only found <0.03 
wt. % S, indicating that the samples degassed close to atmospheric pressure. Moore 
suggested that there could have been downslope movement of the pillow lava flows, 
allowing them to degas at lower pressures before quenching further down slope. 
 It is possible that pillows exist from the early stages of the eruption of Hlöðufell 
that do indicate accurate quenching pressures, but as Moore suggests, later-erupting 
pillows that flowed down slope perhaps buried these. 
4.5 End-member Scenarios 
4.5.1 CO2 
 The detection limit for CO3 at the 1515 cm
-1 wavenumber, representing dissolved 
CO2 in basalts, is approximately 30 ppm. In all analyses CO2 levels of 0 ppm are assumed 
because when constructing an isobar plot in VolatileCalc with an SiO2 content of 47 
wt %., temperature of 1200 C, and a pressure of 2.3 bars, (the average pressure for all 
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samples) with a water content of 0.127 wt. %., (the average water for all samples) the 
CO2 concentration is 0 ppm. However, if SPCs are constructed with a CO2 concentration 
of 20 ppm, to represent the end-member results, the resulting confining pressure indicates 
that the basalts could have erupted under 300 m of water or 350 m of ice (Fig. 29). These 
surface elevations of 800 m for water and 850 m for ice come closer to the expected 
minimum elevation of 966 masl, which represents the lowest water level estimated on the 
basis of the lithofacies (Moore, 1998). However, it is not likely that 20 ppm of CO2 are 
in the Hlöðufell samples, as no peak is present within the spectra, as no peak is present 
within the spectra. Also, H2O has a higher solubility than CO2, and it will typically only 
begin to degas once almost all CO2 has exsolved. Since the water concentrations are low 
and vesicles are present, it is assumed that H2O has begun to degas, so 20 ppm of CO2 
would not likely be present (Dixon & Stolper, 1995). 
ice 300 m
 
water 300 m
H2O (wt %)
C-15-01
C-15-02
C-15-03
C-15-04
C-15-06
C-15-07
C-15-08
C-15-09
C-15-10
C-15-25
C-15-28
20 ppm CO2
Figure 29. Data plotted with SPC calculated with CO2 present. Water concentrations 
plotted against elevation with SPCs for ice and water 300 m thick and 20 ppm CO2 
present. 
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4.5.2 Density and Thickness
 The Beer-Lambert law is based on precise measurements of thickness and density, 
and accurate absorption coefficients. Error in the results due to instrument error are 
negligible, but the absorption coefficient is responsible for 78% of the total uncertainty, 
density variation is responsible for 12% and imprecision in measuring thickness is 
responsible for 8% (Agrinier and Jendrzejewski, 2000). The thickness error results from 
both error in using the micrometer and from not being able to measure the thickness of 
the sample in the exact same location as the FTIR measurement. 
In order to reduce the amount of error in final water concentration calculations, 
Agrinier and Jendrzejewski (2000) developed an equation that is based on ratios between 
density, thickness, and absorption coefficients, and on the difference in absorption along a 
portion of the IR spectrum that does not represent other compounds. Their final equation 
is:
  This equation was used to calculate water concentrations and these concentrations 
were compared to the concentrations calculated using the Beer-Lambert Law. The 
concentrations calculated with Agrinier’s equation were consistently higher than those 
OH = 2,325,516 x absorbance
OH
851.74 (absorbance1710  -  absorbance2234) +22.08 (eq. 10)
Sample Beer-Lambert 
Average
Agrinier 
Average
Difference
C-15-01 0.123 0.155 0.032
C-15-02 0.131 0.151 0.020
C-15-03 0.100 0.207 0.107
C-15-04 0.111 0.147 0.036
C-15-06 0.094 0.253 0.159
C-15-07 0.109 0.331 0.222
C-15-08 0.135 0.210 0.075
C-15-09 0.105 0.190 0.085
C-15-10 0.089 0.272 0.183
C-15-25 0.231 0.925 0.694
C-15-28 0.266 0.949 0.683
Table 5. Comparison of 
average H2O concentra-
tions calculated using two 
different methods. The wa-
ter concentrations for each 
sample (wt %) were calcu-
lated with the Beer-Lam-
bert Law and using Agrin-
ier and Jendrzejewski’s 
(2000) equation.
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Figure 30. Plots of H2O concentration calculated with Agrinier’s equation. (left) Water 
concentration averages for each sample calculated using the Beer-Lambert law. (right) 
Water concentration averages for each sample calculated using Agrinier and Jendrzejews-
ki’s (2000) equation.
calculated with the Beer-Lambert Law, with the differences between the two sets ranging 
from 0.03 to 0.68 wt. %, but the average difference being 0.21 wt. % H2O (Table 5).
 Even using the higher water concentrations calculated from Agrinier’s equation, 
the 100 m thick ice SPC best fits the data (Fig. 29). Samples C-15-25 and C-15-28A 
resulted in significantly higher water concentrations when calculated with Agrinier’s 
equation, matching an SPC representing 900 m deep water. However, the differences 
between the results for Agrinier’s equation and from the Beer-Lambert Law are 
significantly larger for these two samples (0.69 and 0.68 wt. %, respectively) than for 
the rest of the samples (between 0.02-0.22 wt. %). Also, for Agrinier’s equation to be 
applicable spectra must be isomorphic, meaning having the same overall shape, and it 
is not clear that all of our spectra fit this description. Because the difference between 
the concentrations calculated using Agrinier’s equation and the Beer-Lambert Law is so 
great, and because the spectra are not isomorphic, the agreement between these two data 
points (C-15-25 and C-15-28) and the SPC that matches the predicted ice thickness is not 
significant.  
46
5.1 Conclusions
 The goals of this study were to gain more insight into subglacial degassing 
processes by building upon previous research on both the basaltic stratigraphy of 
Hlöðufell and on the technique of using H2O in basaltic glass to calculate paleo-ice 
thicknesses. By looking at the variations of water concentrations within samples on 
various scales from Hlöðufell, a basaltic tuya in southwest Iceland, this study, like many 
previous ones (Schopka et al., 2006; Edwards et al., 2009; Tuffen et al., 2010; Banik 
et al., 2014) showed that the volatile technique cannot be applied to every tuya, as 
subglacial eruption processes are complex and the technique itself needs refinement in 
order to obtain accurate and precise paleo-ice thicknesses.
 This study has shown that in order to attempt to calculate paleo-ice thicknesses 
from volatile concentrations in glassy pillow rinds, an extensive data set must be 
collected. 1-2 measurements from each pillow rind will not provide an accurate “steady 
state” water concentration, as variations exist within the glass due to features that might 
not be visible upon first inspection, and due to reasons not yet determined. Care must 
be taken to examine both sides of a thin section and choose the cleanest volcanic glass 
possible, but variations can still exist. 
 Having samples from a wide range of elevations and similar elevations increases 
the resolution of the data set and any heterogeneities in recorded quenching pressures will 
be revealed. 
 For any given data point, there are several different methods of calculating each 
parameter that goes into one of several equations. For example, the thickness can be 
calculated using a micrometer, using interference fringes in reflectance spectra, or using 
Agrinier’s equation. Each method results in thicknesses that can vary by more than 100 
microns. It’s also possible to combine these methods and use best-fit lines and trends to 
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deduce thicknesses based on a mixture of the available methods. One must also choose 
between several different available absorption coefficients (Table 3), which accounts for 
78% of the error in the Beer-Lambert Law (Agrinier & Jendrzejewski, 2000). The choice 
between using the Beer-Lambert Law or Agrinier’s equation to calculate water is also 
significant. The Beer-Lambert Law applies to more compositionally different magmas, 
but Agrinier’s equation claims to reduce the amount of error in the total, final calculated 
water content. Once the water concentration has been calculated, one must choose a 
solubility model to calculate quenching pressures. This study examined four different 
models used in previous studies, all with different strengths and weaknesses ((Dixon 
1997; Moore et al. 1998; Newman and Lowenstern 2002; Mastin et al. 2004). 
 In order to use volatile concentrations as a standard means of calculating 
quenching pressures and paleo-ice thicknesses, the mathematical parameters need further 
refinement. 
5. 2 Future work
Manometry analyses are performed by heating the bulk sample to measure 
the volatile content. It is commonly used in studies that focus on volatiles in solids 
as a calibration for other methods (King et al., 2002). For example, Agrinier and 
Jendrzejewski (2000) plotted the water concentration (ppm) determined by manometry 
against water content determined by the absorbance ratio (Eq. 5). The best fit line to the 
data provided a slope to use as the molar absorption coefficient in their final equation 
(Eq. 6) that corresponded to consistent absorption coefficients found by other studies. 
Although Agrinier and Jendrzejewski’s (2000) samples were similar in composition to 
those from Hlöðufell, performing manometry and employing the same process on the 
Hlöðufell samples could determine a more precise coefficient and allow for better water 
concentration calculations. 
Several samples from surrounding subglacial edifices were also collected. 
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Because these volcanoes are similar in age, their volatile concentrations and calculated 
ice-thicknesses could be compared to those from Hlöðufell to gain more insight into the 
complex ice/magma interactions preserved at Hlöðufell. 
 This work could also be improved by focusing on the statistics of individual 
measurements and variation throughout samples. A project involving an in-depth analysis 
of sample heterogeneity could be completed by taking hundreds of measurements within 
a single thin-section and analyzing the resulting statistical data. 
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01A1 Spot 0 0.324 540 274 0.123 1.978 0.107 0.016
spot 1 0.373 0.141 2.564
spot 2 0.312 0.118 1.846
spot 3 0.260 0.099 1.312
Spot 4 0.262 0.099 1.331
Spot 5 0.221 0.084 0.972
Spot 6 0.245 0.093 1.180
Spot 7 0.270 0.102 1.409
Spot 8 0.265 0.100 1.359
Spot 9 0.251 0.095 1.229
Spot 10 0.254 0.096 1.255
Spot 11 0.288 0.109 1.590
Spot 12 0.327 0.124 2.016
01A3 spot 0 0.305 540 259 0.122 1.963 0.130 0.035
spot 1 0.250 0.100 1.359
spot 2 0.266 0.107 1.525
spot 3 0.417 0.168 3.512
spot 4 0.507 0.204 5.039
spot 5 0.323 0.130 2.181
spot 6 0.335 0.135 2.336
spot 9 0.271 0.109 1.575
spot 11 0.247 0.099 1.322
01B spot 0 0.337 540 323 0.109 1.568 0.121 0.017
spot 1 0.416 0.134 2.318
spot 2 0.349 0.112 1.675
spot 3 0.331 0.106 1.514
spot 4 0.371 0.119 1.871
spot 5 0.346 0.111 1.646
spot 6 0.346 0.112 1.649
spot 7 0.428 0.138 2.441
spot 8 0.405 0.130 2.207
spot 9 0.315 0.101 1.382
APPENDIX A
WATER CALCULATED USING THE BEER-LAMBERT LAW
sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
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spot 10 0.506 0.163 3.338
spot 12 0.361 0.116 1.786
spot 13 0.369 0.119 1.860
01B2 spot 0 0.322 540 335 0.100 1.346 0.120 0.024
spot 1 0.316 0.098 1.301
spot 2 0.409 0.127 2.095
spot 3 0.400 0.124 2.018
spot 4 0.357 0.111 1.628
spot 5 0.334 0.104 1.445
spot 6 0.342 0.106 1.503
spot 7 0.318 0.099 1.315
spot 8 0.376 0.117 1.794
spot 9 0.413 0.128 2.140
spot 10 0.553 0.172 3.679
spot 11 0.509 0.158 3.148
01C spot 1 0.427 540 239 0.186 4.247 0.153 0.036
spot 2 0.465 0.202 4.988
spot 3 0.323 0.140 2.527
spot 4 0.265 0.115 1.759
spot 5 0.247 0.107 1.535
spot 6 0.337 0.147 2.743
spot 7 0.395 0.172 3.688
01C2 spot 0 0.414 540 281 0.153 2.976 0.132 0.024
spot 1 0.300 0.111 1.635
spot 5 0.429 0.159 3.183
spot 6 0.285 0.105 1.486
spot 7 0.314 0.116 1.777
spot 8 0.402 0.149 2.811
01D spot 0 0.224 540 242 0.096 1.253 0.101 0.008
spot 1 0.208 0.089 1.094
spot 3 0.244 0.105 1.467
spot 4 0.223 0.096 1.244
sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
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spot 6 0.250 0.107 1.535
spot 7 0.259 0.111 1.647
02B1 spot 0 0.508 556 343 0.154 3.007 0.159 0.039
spot 1 0.406 0.123 1.983
spot 2 0.475 0.144 2.650
spot 3 0.719 0.218 5.731
spot 4 0.357 0.108 1.562
spot 5 0.465 0.141 2.546
spot 7 0.455 0.138 2.449
spot 8 0.638 0.194 4.589
spot 9 0.699 0.212 5.435
02D spot 0 0.267 556 288 0.096 1.261 0.102 0.021
spot 1 0.293 0.106 1.498
spot 2 0.271 0.098 1.298
spot 4 0.411 0.148 2.801
spot 5 0.270 0.097 1.284
spot 6 0.326 0.118 1.819
spot 8 0.215 0.078 0.842
spot 9 0.231 0.083 0.960
spot 10 0.259 0.094 1.192
03A3 spot 0 0.227 560 274 0.086 1.025 0.088 0.003
spot 1 0.231 0.087 1.052
spot 2 0.229 0.087 1.040
spot 4 0.247 0.094 1.198
spot 5 0.237 0.090 1.103
spot 6 0.226 0.086 1.011
03B spot 0 0.108 560 100 0.112 1.669 0.112 0.007
spot 1 0.103 0.107 1.531
spot 2 0.102 0.106 1.513
spot 3 0.111 0.116 1.768
spot 4 0.108 0.113 1.685
spot 5 0.103 0.107 1.519
sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
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spot 6 0.103 0.107 1.528
spot 7 0.100 0.104 1.461
spot 8 0.112 0.117 1.791
spot 9 0.124 0.129 2.148
04B spot 0 0.321 559 326 0.102 1.407 0.106 0.016
spot 1 0.324 0.103 1.434
spot 2 0.229 0.073 0.751
spot 5 0.342 0.109 1.583
spot 6 0.363 0.116 1.765
spot 7 0.363 0.116 1.765
spot 8 0.384 0.123 1.966
04A spot 0 0.549 559 354 0.161 3.271 0.116 0.034
spot 1 0.388 0.114 1.718
spot 2 0.327 0.096 1.248
spot 3 0.467 0.137 2.427
spot 4 0.435 0.128 2.127
spot 5 0.352 0.103 1.433
spot 6 0.440 0.129 2.174
spot 7 0.329 0.097 1.263
spot 8 0.347 0.102 1.394
spot 9 0.694 0.204 5.057
spot 10 0.318 0.094 1.191
spot 11 0.254 0.075 0.784
spot 12 0.327 0.096 1.249
spot 13 0.302 0.089 1.076
06A spot 0 0.171 550 163 0.109 1.576 0.094 0.018
spot 1 0.147 0.094 1.196
spot 2 0.166 0.106 1.494
spot 4 0.107 0.068 0.666
07A spot 1 0.181 561 194 0.097 1.272 0.109 0.020
spot 2 0.171 0.091 1.141
spot 3 0.202 0.108 1.557
spot 5 0.239 0.128 2.131
sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
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sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
spot 6 0.258 0.138 2.457
spot 7 0.174 0.093 1.179
spot 8 0.195 0.105 1.466
spot 9 0.179 0.096 1.250
spot 10 0.268 0.144 2.638
spot 12 0.177 0.095 1.216
08A1 spot 0 0.933 570 337 0.288 9.605 0.153 0.073
spot 1 0.498 0.154 2.993
spot 2 0.373 0.115 1.751
spot 3 0.319 0.098 1.310
spot 4 0.915 0.282 9.268
spot 5 0.327 0.101 1.372
spot 6 0.514 0.159 3.169
spot 7 0.378 0.117 1.794
spot 8 0.333 0.103 1.420
spot 9 0.359 0.111 1.631
08C spot 0 0.293 570 275 0.111 1.627 0.117 0.021
spot 1 0.271 0.102 1.408
spot 2 0.301 0.114 1.715
spot 3 0.312 0.118 1.832
spot 4 0.329 0.124 2.019
spot 5 0.294 0.111 1.644
spot 7 0.446 0.169 3.555
spot 8 0.282 0.107 1.516
spot 10 0.239 0.090 1.119
spot 11 0.315 0.119 1.864
09B spot 0 0.258 571 267 0.101 1.360 0.105 0.021
spot 1 0.194 0.076 0.804
spot 2 0.308 0.120 1.893
spot 4 0.353 0.137 2.427
spot 5 0.255 0.099 1.334
spot 6 0.323 0.126 2.066
spot 8 0.251 0.098 1.292
spot 9 0.217 0.085 0.987
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10A spot 1 0.239 591 318 0.078 0.856 0.089 0.009
spot 2 0.292 0.095 1.234
spot 4 0.286 0.093 1.188
25A spot 0 0.490 469 222 0.230 6.313 0.231 0.055
spot 1 0.458 0.215 5.557
spot 2 0.468 0.219 5.797
spot 3 0.482 0.226 6.105
spot 4 0.459 0.215 5.575
spot 5 0.489 0.229 6.279
spot 6 0.448 0.210 5.341
spot 7 0.484 0.227 6.164
spot 8 0.442 0.207 5.204
spot 9 0.346 0.162 3.298
spot 10 0.472 0.221 5.886
spot 11 0.475 0.223 5.959
spot 12 0.488 0.229 6.248
spot 13 0.492 0.231 6.360
spot 14 0.467 0.219 5.772
spot 15 0.477 0.224 6.004
spot 16 0.466 0.218 5.745
spot 17 0.465 0.218 5.716
spot 18 0.465 0.218 5.709
spot 19 0.481 0.225 6.092
spot 20 0.479 0.225 6.053
spot 25 1.021 0.478 24.723
spot 26 0.513 0.240 6.869
spot 28 0.505 0.236 6.656
28A spot 0 0.538 478 210 0.267 8.320 0.266 0.006
spot 1 0.524 0.260 7.923
spot 2 0.528 0.262 8.037
spot 3 0.519 0.257 7.767
spot 4 0.560 0.277 8.948
spot 5 0.537 0.266 8.294
spot 6 0.541 0.268 8.387
sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
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spot 7 0.533 0.264 8.172
spot 9 0.534 0.264 8.187
spot 10 0.540 0.268 8.379
spot 11 0.560 0.277 8.951
spot 12 0.533 0.264 8.160
spot 13 0.532 0.264 8.152
spot 14 0.539 0.267 8.328
sample spot OH peak
height
elevation
(m)
thickness
(microns)
H2O
(wt. %)
Pressure
(bars)
H2O
Avg
H2O
Std. Dev.
56
01A1 spot 0 0.176 3.591
540 spot 1 0.216 5.227
spot 2 0.184 3.879
spot 3 0.175 3.543
spot 4 0.154 2.783
spot 5 0.105 1.368
spot 6 0.155 2.815
spot 7 0.156 2.854
spot 8 0.155 2.814
spot 9 0.142 2.391
spot 10 0.144 2.478
spot 11 0.187 4.015
spot 12 0.202 4.622
average 0.165 3.260
Std. Dev 0.029 1.025
01A3 spot 0 0.182 3.797
540 spot 1 0.188 4.065
spot 2 0.207 4.847
spot 3 0.283 8.642
spot 4 0.420 18.023
spot 5 0.257 7.240
spot 6 0.219 5.354
spot 9 0.250 6.897
spot 11 0.211 5.035
average 0.246 7.100
Std. Dev 0.073 4.391
01B spot 0 0.116 1.665
540 spot 1 0.123 1.848
spot 2 0.100 1.252
spot 3 0.090 1.024
spot 4 0.113 1.571
spot 5 0.100 1.254
APPENDIX B
WATER CALCULATED USING AGRINIER’S EQUATION
Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
01B... spot 6 0.097 1.180
spot 7 0.113 1.577
spot 8 0.112 1.550
spot 9 0.081 0.850
spot 10 0.140 2.337
spot 12 0.096 1.174
spot 13 0.113 1.585
average 0.107 1.451
Std. Dev 0.015 0.389
01B2 spot 0 0.118 1.702
540 spot 1 0.116 1.665
spot 2 0.149 2.614
spot 3 0.136 2.208
spot 4 0.136 2.225
spot 5 0.111 1.529
spot 6 0.107 1.434
spot 7 0.111 1.526
spot 8 0.128 1.983
spot 9 0.158 2.918
spot 10 0.155 2.837
spot 11 0.166 3.226
average 0.133 2.156
Std. Dev 0.020 0.618
01C spot 1 0.243 6.536
540 spot 2 0.262 7.525
spot 3 0.179 3.681
spot 4 0.135 2.197
spot 5 0.149 2.635
spot 6 0.171 3.383
spot 7 0.191 4.188
average 0.190 4.306
Std. Dev 0.047 1.993
Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
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Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
01C2 spot 0 0.181 3.756
540 spot 1 0.123 1.843
spot 5 0.170 3.369
spot 6 0.120 1.750
spot 7 0.129 2.013
spot 8 0.149 2.622
average 0.145 2.559
Std. Dev 0.026 0.844
01D spot 0 0.105 1.375
540 spot 1 0.091 1.052
spot 3 0.120 1.767
spot 4 0.123 1.833
spot 6 0.115 1.624
spot 7 0.126 1.934
average 0.113 1.597
Std. Dev 0.013 0.330
02B1 spot 0 0.159 2.981
556 spot 1 0.136 2.223
spot 2 0.157 2.897
spot 3 0.237 6.201
spot 4 0.104 1.356
spot 5 0.144 2.461
spot 7 0.148 2.596
spot 8 0.197 4.433
spot 9 0.190 4.119
average 0.164 3.252
Std. Dev 0.039 1.447
02D spot 0 0.135 2.183
556 spot 1 0.133 2.126
spot 2 0.125 1.901
spot 3 0.126 1.924
spot 5 0.129 2.016
spot 6 0.163 3.103
spot 8 0.125 1.895
02D... spot 9 0.137 2.242
spot 10 0.181 3.788
average 0.139 2.353
Std. Dev 0.020 0.654
03A3 spot 0 0.174 3.512
560 spot 1 0.196 4.394
spot 2 0.209 4.933
spot 4 0.181 3.762
spot 5 0.168 3.285
spot 6 0.149 2.639
average 0.180 3.754
Std. Dev 0.021 0.815
03B spot 0 0.215 5.213
560 spot 1 0.245 6.620
spot 2 0.178 3.639
spot 3 0.246 6.668
spot 4 0.278 8.385
spot 5 0.299 9.609
spot 6 0.210 4.985
spot 7 0.186 3.965
spot 8 0.182 3.821
spot 9 0.189 4.095
average 0.223 5.700
Std. Dev 0.043 2.065
04 spot 0 0.168 3.295
559 spot 1 0.151 2.681
spot 2 0.113 1.564
spot 5 0.153 2.770
spot 6 0.166 3.207
spot 7 0.176 3.600
spot 8 0.161 3.031
average 0.155 2.878
Std. Dev 0.021 0.659
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Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
04A spot 0 0.194 4.296
559 spot 1 0.153 2.760
spot 2 0.126 1.927
spot 3 0.162 3.083
spot 4 0.163 3.113
spot 5 0.129 2.011
spot 6 0.142 2.403
spot 7 0.129 2.020
spot 8 0.138 2.274
spot 9 0.248 6.789
spot 10 0.110 1.485
spot 11 0.077 0.770
spot 12 0.122 1.804
spot 13 0.117 1.667
average 0.144 2.600
Std. Dev 0.041 1.476
06A spot 0 0.277 8.318
550 spot 1 0.250 6.860
spot 2 0.261 7.469
spot 4 0.223 5.551
average 0.253 7.050
Std. Dev 0.023 1.164
07A spot 1 0.345 12.523
561 spot 2 0.338 12.020
spot 3 0.372 14.363
spot 5 0.294 9.270
spot 6 0.366 13.977
spot 7 0.273 8.082
spot 8 0.335 11.824
spot 9 0.320 10.873
spot 10 0.319 10.795
spot 12 0.347 12.629
average 0.331 11.636
Std. Dev 0.031 1.955
08A1 spot 0 0.288 8.922
570 spot 1 0.241 6.424
spot 2 0.144 2.456
spot 3 0.126 1.925
spot 4 0.337 12.000
spot 5 0.136 2.221
spot 6 0.191 4.149
spot 7 0.164 3.154
spot 8 0.127 1.947
spot 9 0.155 2.843
average 0.191 4.604
Std. Dev 0.074 3.441
08C spot 0 0.239 6.310
570 spot 1 0.171 3.413
spot 2 0.240 6.351
spot 3 0.227 5.768
spot 4 0.243 6.514
spot 5 0.230 5.887
spot 7 0.299 9.607
spot 8 0.224 5.613
spot 10 0.183 3.837
spot 11 0.233 6.027
average 0.229 5.933
Std. Dev 0.035 1.668
09B spot 0 0.164 3.142
571 spot 1 0.121 1.788
spot 2 0.209 4.920
spot 4 0.234 6.079
spot 5 0.155 2.834
spot 6 0.207 4.827
spot 8 0.246 6.649
spot 9 0.184 3.871
average 0.190 4.264
Std. Dev 0.042 1.661
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Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
Sample/
elevation
measurement
spot
H2O
(wt. %)
Pressure
(bars)
010 A spot 1 0.239 6.342
591 spot 2 0.292 9.150
spot 4 0.286 8.804
average 0.272 8.099
Std. Dev 0.029 1.531
25 spot 0 0.920 81.250
469 spot 1 0.970 91.094
spot 2 0.950 86.992
spot 3 0.946 86.348
spot 4 0.952 87.422
spot 5 0.931 83.379
spot 6 0.944 85.967
spot 7 0.909 79.316
spot 8 0.965 90.088
spot 9 0.790 58.604
spot 10 0.939 84.990
spot 11 0.941 85.371
spot 12 0.959 88.828
spot 13 0.925 82.305
spot 14 0.966 90.176
spot 15 0.953 87.598
spot 16 0.870 72.188
spot 17 0.970 91.055
spot 18 0.906 78.750
spot 19 0.892 76.006
spot 20 0.926 82.510
spot 25 0.910 79.463
spot 26 0.891 75.840
spot 28 0.874 72.813
average 0.925 82.431
Std. Dev 0.041 7.543
28 spot 0 0.988 94.629
478 spot 1 0.956 88.359
spot 2 0.995 96.113
spot 3 0.979 92.871
28... spot 4 0.982 93.398
spot 5 0.979 92.871
spot 6 0.967 90.371
spot 7 0.934 84.043
spot 9 0.911 79.629
spot 10 0.882 74.180
spot 11 0.942 85.518
spot 12 0.903 78.047
spot 13 0.896 76.855
spot 14 0.968 90.645
average 0.949 86.966
Std. Dev 0.038 7.287
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